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Abstract
Pastes and inks to contact silicon solar cell emitters have been further developed since decades and considerable 
improvements have been achieved. According to different R&D roadmaps for silicon solar cells emitter sheet 
resistances will further increase and the surface dopant concentration will decrease as narrower contact lines support
such a development. This leads to new requirements of contact pastes. In this paper an improved contact ink based on 
silver will be presented which is able to contact phosphorous emitters with low surface dopant concentrations of
ND = 8·1018 cm-3.
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1. Introduction
1.1. Motivation
Contacting silicon solar cell emitters with moderate and low surface dopant concentrations is very 
difficult with state of the art Ag pastes or inks for contacting in a firing through (dielectric antireflective 
coating layers) sequence. During the past years contacting of phosphorous emitters with surface dopant 
concentrations of ND = 1·1020 cm-3 has successfully been achieved [1]. The challenge now is to contact 
even lower surface dopant concentrations. It is the intention of this work to understand the limits in 
forming a contact to silicon and to overcome former limits. The experimental matrix is structured as 
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shown in figure 2 and aims in contacting a shallow and a deep emitter, both with high sheet resistance 
values.
1.2. Purpose and Approach
When it comes to cost efficient metallization, printing of contact inks or pastes with subsequent 
contact firing is the process of choice. Most of the solar cells produced today have a collector grid applied 
with screen printing. There is a trend of contacting emitters with increasing sheet resistance values [2].
Therefore, pastes need to be able to form contact to lower doped emitters. To solve this challenge a two-
step seed and plate metallization approach is proposed: First a silver ink which is strongly optimized to 
form a high quality contact to silicon is printed and contact fired. To enable lateral conductivity this 
printed and fired seed layer gets thickened up by subsequent light-induced plating of highly conductive 
metals, e. g. silver. Furthermore, to reduce material costs, plated silver is substituted with plated nickel 
and copper [3].
2. Experimental
For this experiment high efficiency float zone wafers with a boron base doping of 0.5 Ohm·cm have 
been used. On each wafer seven solar cells with a size of 20 x 20 mm² have been produced by applying a 
silicon oxide layer on both, the front and rear side. The cell area was defined by applying a photo-
lithography resin and removing the silicon oxide on the front. Then the resin was stripped and the cell 
area was textured with random pyramids. The wafers are split in two groups:
In group I after texturing the emitter has been fabricated in a single POCl3 diffusion step. Following 
the PSG was removed. The silicon oxide layer on the rear-side remained as passivation layer. This
shallow emitter resulted in a sheet resistance of RSH,shallow = 110 Ohm/sq. and a surface dopant 
concentration of ND = 1·1020 cm-3
The samples in group II received the same emitter diffusion process as group I. But with the PSG 
removal the silicon oxide layer on the rear-side was removed as well. The emitter was then driven-in 
thermally and a silicon oxide anti-reflectance coating was formed as well as a silicon oxide passivation 
layer on the rear-side. No additional anti-reflectance coating was applied. Emitter two resulted in a sheet 
resistance of R
. With electrochemical capacitivity voltage measurements (ECV) the 
electrically active phosphor dopant concentration depth profiles of this emitter have been evaluated. 
Figure 1 shows the phosphor profile in blue. Further on these samples received a plasma-enhanced 
chemical vapor deposited (PECVD) silicon nitride anti-reflectance coating (SiNx) on the front side as 
sketched in figure 2.
SH,deep = 120 Ohm/sq. and surface dopant concentration of ND = 8·1018 cm-3. This was 
confirmed by ECV measurements plotted in figure 1. Red indicates this deep emitter.
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Fig. 1. ECV profiles of the fabricated emitters
The front-side grid was printed using Fraunhofer ISE’s aerosol jet system with an improved self-
developed contacting ink. This ink is designed to form contact even on lowly doped emitters. The 
optimum finger distance was calculated using the simulation tool GridSim to d = 1.3 mm. The printed
seed layer resulted in an average finger width of about 35 μm. The so printed samples were contact fired 
in a fast firing furnace before applying the rear-side.
Onto the rear-side a layer of aluminum was evaporated via physical vapor deposition (PVD). The 
electrical contact to the base was formed by local laser firing of contacts (LFC).
The grid lines on the front-side received first electro-less plating of nickel onto the aerosol printed seed 
layer contact. Plating of nickel was done to have a barrier layer to prevent later plated copper from 
diffusion into silicon. Experience showed that nickel also enhances the adhesion of the conductor lines. 
No annealing step was applied.
For this experiment the chance of replacing costly silver was taken by replacing it with copper. Lateral 
conductivity of the grid so was achieved by light-induced plating of copper. To prevent copper from 
oxidation finally the lines received a capping of electro-less silver plating. No plating occurred on the 
rear-side. The whole contact structure is presented in figure 3.
In total 14 cells of each emitter group have been fabricated.
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Fig. 2. Scheme of process steps for fabrication of the solar cells
Fig. 3.Scheme of contact structure
3. Results
In this study two lowly doped emitters have been successfully contacted with a contact ink 
developed at Fraunhofer ISE. With these emitters and a nickel copper finger structure as shown in 
figure 3 great solar cell results have been achieved. Table 1 shows the best cell and the average cell 
results of 14 cells in total each group. Additionally for comparison this table shows previously achieved 
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results at Fraunhofer ISE with the same shallow emitter process as in group I but with silver plated 
contacts alternatively to nickel copper.
In group I the best solar cell efficiency is 20.4 % and 19.8 % in average. The respective fill factor 
is 78.8 % for the best cell and 78.0 % in average.
The deep emitter with low dopant surface concentration of just ND = 8·1018 cm-3 shows higher 
efficiency potential than group I. The best solar cell resulted in a conversion efficiency of 20.7 % and fill 
factor of 80.2 %. However the average cell results are not as good as in group I. But the different emitter 
resulted in higher open circuit voltages of 676 mV in average compared to 656 mV in average for group I. 
The lack in short cut current of group II is mainly related to the different anti-reflectance coating.
Table 1. Best achieved cell results and average values of 14 cells each. * indicates previously achieved results by [1], ** result 
independently confirmed by Fraunhofer ISE CalLab
ND RSH A VOC JSC FF K
[at./cm³] [:] [cm²] [mV] [mA/cm²] [%] [%]
Ag-Ag 1·10 shallow-110
20
4 best cell 658 37.5 81.4 20.6*
Ag-Ni-Cu 1·10 shallow-110
20
4 best cell 661 39.1 78.8 20.4
average 656 38.7 78.0 19.8
Ag-Ni-Cu 8·10 deep-120
18
4 best cell 677 38.2 80.2 20.7**
average 676 37.4 76.5 19.3
By having a closer look at all processed solar cells it becomes obvious that the measured values for 
the solar cells with emitter of lower surface dopant concentration (group II, deep emitter, red) show a
larger distribution compared to group I. Figure 4 shows in blue the distribution of efficiencies and fill 
factors for the shallow emitter group I and in red that of the deep emitter group II. Especially the fill 
factors of the deep emitter show a wide distribution. This is caused by a non-optimum contact to silicon. 
The same is true for the series resistance (see figure 5).
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Fig. 4. Left: Efficiencies of both emitters, right: corresponding fill factors. Blue corresponds to the shallow emitter group I; red 
corresponds to the deep emitter group II.
Fig. 5. Box plot of measured series resistances. Blue corresponds to the shallow emitter group I; red corresponds to the deep emitter 
group II.
To investigate the cause of the high distribution in fill factor and series resistance of group II, the 
contact resistance of several samples has been measured via transfer-length measurements. These 
measurements – which are shown in figure 6 – confirm the assumption made above, that the contact of 
group II is not formed homogeneously in all cells. Low contact resistivities of 2 to 3 mOhm·cm² have 
been achieved for both emitters. See figure 6. But the distribution and the average value in contact 
resistance of the deep emitter with low surface dopant concentration of ND = 8·1018 cm-3 (group II) are
too high. Contact firing on the deep emitter needs to be further optimized.
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Fig. 6.Box plots of left: norm. contact resistance RCW, right: contact resistivity UC
4. Conclusion
. Blue corresponds to the shallow emitter
(group I); red corresponds to the deep emitter (group II).
In this experiment it is shown that Fraunhofer ISE’s metallization ink is able to successfully contact 
even lowly doped emitters with phosphorus surface concentrations of ND = 8·1018 cm-3. Substitution of 
silver plating by nickel and copper plating resulted in excellent solar cell efficiencies of >20 %abs
The electrical contact to the deep emitter with lower surface dopant concentration was not 
homogeneous enough. Contact formation needs to be better controlled and an optimum and stable firing 
process to be found. If contact formation to the emitter with lower surface dopant concentration (group II) 
can be further improved considerably higher cell efficiencies will be achievable. It is also shown that 
selective emitters are not necessarily needed to form a contact on phosphorous emitters with high sheet 
resistances if an appropriate contact ink or paste is used.
for both 
emitters and fill factors exceeding 80 % for the deep emitter.
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